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Signels from the UK. Navy Sistien NEZ (15.3 ko) were deiosted sver the =ltiude
renge of soro to sbout 160 kw by & seteliiisborpe VLF roceliver during the daytime isuneh
phase of the Explorer VI Hatellite. The signaic were recelved on & stond electris svienna
which wss glso used slinuleaneously to tzangmis VHF telemetry. During the lzupch rhass,
the aninng was confined betwesn the toirdetage rocket case and ihe folded solar paddies,
with an epoxy shroud eoverlog the sateilite und ihe ihird-etege vocket. Noverthaicss,

‘signals were eleurly wislble in ampiitude-time chart resordings (50-ope bendwidth) up o 67

km sititude. The signsl variations betwsan 87 km and 180 km wers obtsined by narrow-
band evosseorrelating filter techniques. The receiver oulput wes intaspreted in terms of
incident elecirie feold strengih, and the total monsured stisnustion through the lower ione-
ephere up {0 150 ko was catimated to be 43 db. A prodivtad total ationuntion was eompnted
Ineluding the effects of sbsovption, the changs i arieans lmpedacoe within the jonosphers,
reflection lomess end antenne polsrizsiion., The prodisted and mesrured sitennstons sre
ip good agrecment. The meesursmats sre compared with those of relevent rocket and
saiellito sxperimenis. It i& concloded $Bai ibe launching of the whistler mmode, &t lenst in
daytimos, can be deserived by vtillsirg o sharple-bounded modsl of s ionsephore to sazouns
for the refleciion-iransmiseica phenomeann, and & slowiy-varying mods! to aswsant for the
sbucrption experienced by the trecsmitied wavs,

Dzytime Whistler-Mode Attenuation through the Lower
Ionosphere at 15.5 Kc as Measured on Explorer VI

HHTRODUCTION

The Explorer VI Satallits was launched from
Oape Canaveral at about 0930 Bactern Standard
time on 7 August 1889. Amonyg the scientific
instrumenis sboard this satelfite was s oali-
Eraled VLY recsiver designed to rtudy whistlar.
mode propagation and iorospherie noipe!S®

This manwsvips wa8 submitted for publisation, butb
the untimely doatl of the peinoinel authar b pRe-
veuted fnal revision. , ;

? Drasnoned June 24, 1063, ) !

? Suporier aumbore @ tent dorienate Refurines.
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The recsiwer wes decigned ‘o receive trene

minsions from the 118, Navy Ststion W8S (15.5
ke) ab Annapcle, sud bad & dynamic range of
givut 80 db sad 8 3-3b bandwidih of 100 cpe’

Signels were to ba ressived on « small electric
snteney: whish wes wsd ginultensonsly o
ransit VEF Tdematry. The sulsnps con-
sstad of two BHueal ecemsnta, sbout thvee-
fowcias of s meter long, soproximataly varalial o
steliite spin axis (and thercekstloogitudinal

&
‘wsiz before rochet-emslits soneration). The
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siemonis wers elocizically connected end fuos-
tioned at VEF 23 a monopels zalative 1o the
satellits body. ‘Ths undsieeted recsiver inter-

iste-frezuency output wee idenstered in

snalog form beginning belore lift-off and con-

tinuing throughout the isunch until the rocket
want over the horizon from Cspe Canaversl,
_The data were obtainsd during undisturbed
wnotphurie conditions and thus sforded the
opportunity to study the propegetion of VLF
radioc waves through the iowest layers of the
“quist” ionesphere.
In order to intarpret ihe dats, il is cosential
to have a clear understanding of the satellite
environmeni during the lasunch period. The
satallite proper was mounted sc that the for-
ward end of the third-stage rocket was located
between the antenns elements. The solar
paddies were folded over the antenne, reducing
" the sensitivity by an estimated 3G <b. ¢(This
sensitivity change was estiinated by comparing
messurements mads on & mode] of the satellite
- with paddies erecied, with messurements made
on the astual sateliite mounted on & foor-stand
pedestal with paddles folded.) In sddidion, an
spoxy shroud covered the entire satellits and
third-stage rocket.
to all dsts thst will be utilized here. The
small amount of date obtained alter the epoxy
shroud was jettisoned could mot be mearing-
fully interprated.

Ax initial sxaminstion of chary recordings of
the data in 8 50-cps bandwidth reveeled thet,
in spite of the sbove shislding of the antenna,
NSS zignels wers detectod up te an sltituds of
ebout 87 kkm. The signal diseppsared into the

_noige beckground at the most interesting alti-

tudes; namely just ss the wehicle enterad the
D-region. The data were cxtended In altitude
with the aid of cmmmaiat&ng, narrow-band
filiaring techniques.

The receiver suiput vasistions were refered
to ibs rezaiver input and intarprated ia terms of
incident relative electric £ald strength. Calcu-
lstions of whistler-mode sbecipiion ware msde
for various elsctron dacsity and coliion fre-
guency models of the lowar ionesphere. Ab-
sorplion md _oth a%%«amatmg effscts
combinad mgmm predicted totel attenu-
stion.

The above conditions apply

m atismustion was found

" to be in good sgreament with the measured

valus,
DATA ANALYSS

The undetecied output of the YLF receiver
wes holerodyned down to 2.332 ke in the
saiellito and addad to the telemeiry beseband.
At the ground station, VLF receivers niso raoni-
tored station NSS. The NSS signal recaived
on the ground wes heterodyned down to 0.884
ke snd recordec without rectification topethsr
with the telematry beessbend. Thus, the meg-
pelic tape deta recordings sonieined both ths
output of the ssicilite VLEF recefvar and the
outpui of ths zround YLF recaiver.

The satellite snd ground reseiver ouipuis
weee oelected (by Gltering—56 cpe bardwidib),
then rectified and preseated in amplitode-time
chart recordings. An imporiant section of the
launck chart-recording i= shown in figure 1.
Ths top channel is the rectified ground recsiver
cutput, and shows a normal seguencs of dota
end dashes in ths Morse cvde. The boitom
channal i the rectifisd aateifite recaiver cutput.
Tiring marks are shown oz the upper event-
marker channel. Ampiitads calibration pulses
sppaer shoui svery 30 sscends in the sateilite
chennsl. A good guality celibrstion pulss is
shown betwesn ihe sections lsheisd loop 19 snd
Inop 24, Each calibration pulse consisis of two
levels, (ho firal of which caiibrates the ressiver

‘aad the sesond of which messures the magni-

tude ¢f ths anienns mm&&ca

In the setellita channel, the M8 signal ampli-
tude docresaes quickly, éEappevsnmg into ths
inwreasing nobse background al aboet 67 km
{within the portion labeled loop 11). The in-
creasing telemeiry noise Isvel at just above this
aitituds is belioved to ha asrociated with ths
interaction of the vebicis and the ionosphere
zand itz discussion is cuteide the scope of this
naper. DBefors the aignal dissppesred inte the

' noise, a8 shoen in Bgure 1, ita amplitude was

determined by comparison with the csiibration
pulse amphitudas. The amplitude varistions of
raceiver cutpnt balow 7 ko wers acalad directly
from the chart recordings end ars given in
figure 2. Buficiant poinie are ploited (o repre-
mnt the detailed varistions schibited by b5
deta.
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Fiounn 1.~Section of ehart recording of ths lounck dats. Upper channd is detecied
ground receiver output.  Botiom channel ia detected setollils recoiver ouiput.

The receiver cutput varistions ofier the
signsl dissppeared into the naiss wore measured
with the sid of cross-correluting, narrow-band
Slterlng techniquas. A block disgram of the
device used s shown iz Sgurs 3. The hasic
principle is bandwidth reduction, schisved by
the heterodyning of the satellite receiver output
Ji to = center frequemcy of 10D cps whers
parrow bandwidibe are easily reslived. Post-
detection filtering was aho smployed. Refer-
ning to figure 3, it csn be seen thes the satellite
receiver cutput is heterodyned in Mixzer Ne. 3.
The portion of the sstallite recsiver output
specirum to be examined was selocted by
sdjustment of the mixing fraquenty (3K%7, — /.1
The fxed comporent of ihe mixing frequoncy
8%f; wns geneesied by ths freyuspcy soult-
piyiag circuitry from either e aundic mcmﬂor
Jis or ths ground recdver ouviput f,.
varinble fraquency compousnt f, was W
by s voitags conirolied osdilator (OO,  Provi-

gicns wers made for the manuel! adjustmani or
nariodis contrel of the VOO with a funetien
ganeratar. The fllesing opsralions indicaied
ta Lke block dingrem wers periormed by switch-
saisciad componenia to provide for {aster-shan-
real-time daia procossing.
VWhen the nudic osciliator wes eeed, ihs
mxmg frequancy sigas! was continuous and
the device opersted eeZsiy 5% & narrow-band
Blter. When ths ground rscaivar cutput wes
medf ths mixing {requency signsi wae presaat
only when NS8 was keyed on. This mods of
operation is ecuivalent %o <cross-correlation
beiween the satellite pignal snd the sesantially
nciseless grourd-chennel infcrmatiop. Crose-
sorrelztion in this cess reduces the aversge
m powes relstive to tke sveTage agm.! power,
o providons were mads for adjusting the
;i:m delay, and thos she svom-corralaiion meds
wse mefud only when the delsy helwesn the
s&d‘é%m&gﬂ od reesiver cignsls was cegli-

-~
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gible with respect to the time 2eale of NSS
trafic. During lzunch the time deicy wea
assumed to be negligible.

. The device described above wes used with
the launch data in the erces-correlation mode
at twice rormal tepe-playback wpeed. A
- predetection bacdwidth of 1.7 cps and & 12.0-
second post-daitection time constani wore uead.
The ground receiver cutput supplied the Sxed
frequency comapenent of ths imixing fvequency.
It wea found that with the sbove equipisent
adjceneats, maximum spacize!l detail was
obtaizned and the messuransuis were, repeci-

Secticns of records to be anclyrsd were ro-
recarded on roagnstie tepes loops whish cone
tained ¢ ssconds of reel-time data. While 2
taps Joop wee circrizting, ibs VOO was men-
ually adveresd and ths loop alloywed to circulste
unil o steady ouipri wes eckisved, The
resull wes & speeiram for ench 4-as00nd sectinn
of ths reestvsy cuiput dale.

Sddected asamples of the speetre obisined
are shown in fgme 4. The sorreponding
seetiome of ths chart rescwling ars lsheld
with fhs appeciate tapedooy nwanberz iz
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Fiouan 3.—Block diagraam of rrews corvelaling narvow-band fler.

certain loope were discarded becsuse tsey oo~
tained impulsive noise or calibration pulsa.
It should be notad that the frequercy 'cals
in figure 4 is slightly nonlinear. N> eteclute
iroquency scels is given beezuse of slr- (crder
of hours) frequency drifts in ti: system.

The limits of the 50 ops noies O adwidth

were relied upon for spproximece {nquemcy
identifieation within any givea cpecivm.
The spectrum of loop 9 is in & porion of the
deta where the NSS signal is readii- visihle in
the chart-recording, and the epec; um of NS3
traffic is clesrly defined. The suvesling loops
exhibit less signal es can be seex /: figice 4, and
the specira are more complex. J.cop 17 shows
small secondary paaks on sith .z zide of tae cer
tral epectrum. This phepos:enon & enbanead
in loop 19. Ths exact cauy. 9f thes! escondary
peake is 2ot known, but vasy bs sciis form o

inte-ferance. The appeerance of thees spactra
stg (esis some ‘orm of smplitude modulation of
the NBS signal as receivod at the sstellite, &l-
the:gh the mochanism for such wmodulstion is
ncl vbvious. It wes sesursed, s priori, that ihe

l7el of NSS signsl is measured by the centrel

ceshs in thess spectra. The mozt convincing
supyort for this sssumption les in the system-
stic and mesningful varistion of the sisctris

fiel1 strength with altitade whick is ultimstely

delcied, The probability thet varinus random

reise or interferwnce sources evuld produce ths -

sysienatic vedstion obtained must b ax-
ceadisgly gmell. ’

T2:o relative lavel of the signnls in the rpeciza
wes determinsd by compering ths cenirel peaks
2 ind specire to the pesk in & refarencs spes-
*un where the signal waa scelabls on the shart
®oording (loop 8 in this case) ad then acoount-
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ing {or the noise power contained ir the peks of

the spectre. Tho dats a0 obtsined ars pictied
in figure 2 for sltitudes sbove 87 km. It ean be
::;t.hat thers i3 considerable scatier in the

It will be poted that the cross-corrslating,
narrow-band filter extended the receiwer output
messursments to i37 km aititude and i a
ievel 25 db below that possibls uaing ths chart

reccrdings. The sensitivity improvement that

might have bean expected ie 24 db. This is
basad on an 18 db gein from a reduction in the
pradetection bandwidth from 50 to 0.85 cps,
~ 8 3 db gain from reduciion of sversgs poise
"power by the cross-correlation technigus for
an estimated duty cycle of 509, for NSS traf-
fic, a § db guin from the posi-detsction averag-
ing of each 4-socond sempis, and an siimsated
2 do loss becsuse of detocior SNE redustion.
This sgresment beiween the oboerved and
pmdw&e&peformmof&hemd&hnzﬁi&c
is surprisingly good.

The reesiver cutpui was vefarred o {he
receiver ‘apwt through the m-'u- ghin chazuc~

The resuiting carve of receiver input v siti-
tade is shown in figure 8. It cen be noted
- thers i oconsidersbiy Eu_m in

MEASURED TOTAL ATTENUATION
mmwmmmam

with the vertical of 70° and greater after the
rockst entered the D-region. On the sssump-
tion that the wxve normal in the whistier
mods wes varticsl, ths sorrestion for antenxns

. orientetion was no more than 1 db and can be
 comsidered pegligible. Messuremnents of the

magnituds of antenns impedance during leunch
thowed no significant variations until &he
shroud was jsitisoned, althougn the impadancs
was diferent from that in fres zpace bmause
of ths proximity of the ihind-elags rockas,
sclar paddles and spoxy shroud. The lack of
gignifieant verlgtion in antenns twrminal im-
padance before shroud sjoctiop is balisved o be
dus to the fact thai the epoxy shroud shicided
the anlenna slaments Hor doctron azd ion
currents from the ionosphers?® With the ef-
facta of both anteans orientation snd the change
in antenne :mpedmce being negligible, the
cwrve of receiver mpuz can b2 conmdared do
represent ths varistion of zelstive eectris
fidid strength between ebout 50 and 152 km
sltitude.

Absorption celerlations, desoribad later, in-
dicsie that sbeorpiion begins about 10 km
below the inflection w-\t of the Seld sirengih
zarve, or sbout 80 bm ip thie ceee. Amng
st the whistisssuods sgnel s lsunched inis
the imncenhare o4 this height, s measred
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total attenuation through the lowsr
up to sbout 150 km is 43 db + 4 db for daytime.
At beights below 60 km, the chearved vari-
stion in signai strength sppears to be explainsd
bymowsvegﬁido-modetborye!?mmm
gation.* Recent caleclations of the height-
gain effect by Wait and Spiss® show that as
altitude increesss the intensity firast increases.
reachss s maximum, and then decreasss &
some fraction of the ground intensity at the
ionosphere boundary. For paramstears appro-

\notabowugrutmmiiziamityfor

h

the iow sltitudes as the messurseenis show,
~and it must be taken inte eccount that the
distancs to NSS decreased and it the rels-
{ive amount of ssawnter path increassd as the
rockst asoandsd. - o

Weatever the influsnes of the last-mentionsd
factors, the varistion nesr the ionosphere is
predominsnily due $o the height-gain offest
Znee there ia ittis changs in ihe path or distancs

. for this sltitude increment. And a peion

choice of 70 kua for sn effestive haight of the
lower edge of the ionosphers would be in agres-
ment with thet adopted by moet workers who
asumns & bomogensous sharply-bounded iono-
sphere moddl for VLY culevlations Tha beight
gein celcylstions® for an amaumed ionosphers
height of 70 km show o 6 db loas betwesn 60
end 70 km. Howeve, the messwed loms
beivreen 86 and 70 km, se shown in figers §, i
sboui 17 db. This significant discrevency
further saggeeis thet the effactive height of the
isnosphere and the beginning of ebeorption was
mors ssarly 60 km at the dme the messrs-

ANt Aeporied here ware mads,
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PREDICTED TOTAL ATTENUATION

Some preliminary celeulations of whistler-
mode absorption havs been msde at Stanford
for vasicus electron-density and collision-
frequency models of ths lowest ionosphera!
The daytime modeis sre applicable to this
expariment since the launch took place at sbout
0930 EST and the trajectory carried the satel-
lite into longitudes of even later local time.
The calculations show that almost all of the D-
and E-region absorption occurs below about
130 km. Hence, the calculations can bs
considered to predict all the zbeorption vp
to 150 km. The first caleulation utilized the
electron-density profils deduced by Nertney'
and the collision-frequency profils deduced by
Nicolet,® and yielded s total absorption of 17 dh.
A second caleulation utilized profiles of electzon
deusity snd collision frequsncy which can be
considered composite models deduced from ths
data given in the survey of Weynick® and
yielded s total absorption of 23 db.

Before ths calculations can ba compared with
the measurements, there are ssveral other
sources of attenuation that must bs considered.
These includs reflaction lossee snd the effects
of antenna polarizstion and changing wave
impedance within the ionosphers. The loss
due to reflection st the jower boundsry of the
ionosphers will be accounted for by considering
only the direct rsy. The higher-order reflected
rays should be considerably attenuated by
reflection from s dzytime iomosphere. In this
case, the subrocket point at the boundary of
the lower ionosphers is just below ths horizon.
However, a considerstion of diffiractive offecis
in low frequericy propsgstion by Wait ® shows
that the “cut-back fector” for this case is negli-
gible. A computstion of the transmission eo-
efficient based on the work of Buddea ¥ shows
that for the ordinary ray (whistler-mode) &

reflection loss of 19 db occurs for s sharpiy-.

bounded, summer-daytime ioncasphers mode
(w/y=0.8, r=60°). The extrasordinary ray
which iz transmitted into the ionosphers is
complstaly absorbed wall below 150 km.

‘The chenge in wave impedanes in the jono-
sphere results in attapuation sines, for » given
power density, the slectrie field strength varie

directly with the square-root of the wave
impedance, snd the wavs impedance in the
ionosphere i3 less than that of {res space.
This attenuation, assuming longitudinal prop-
sgation, is found to be 11 db between the
lower boundery of the ionosphere (w/wr=0.6,
r=260°) and 150 km where the electron gyro-
frequency and plasma {reguency are estimated
to be sbout 1.2 and 3.0 Mcps, respectively.

Just below the ionosphers, the incident
electric field, consisting primerily of the direct
ray, can be assumed to be vertical, while just
within the icnoephere the field can be essumed
to be circularly polarized in the horizontal
plana® Thus the antenna made an sngle
of 70° with the electric fisld just below the
ionosphere, whils meking sn sagle of 20° or
less with tha horizontal field within the iono-
sphere.  Polerization corrections besed on these
relative orientationz amount to s gain of sbout
9 db. In sddition, a loes of about 3 db is
incurred because of the spatial svaraging of the
approximately circularly 3 whistier-
mode component within the ionosphere by the
linear satellits antenna.

Adding the sbovs fsctors to the absorption
givee the foliowing iabulstion for the estimated
totel attenustion through the summer-dsylime

ionosphere up to 130 km altitude:
Tetal
Doy Miedet Fuisl Alewption  ARmusion
Nieolet snd Nertnay. ... i7 ¢éb 4% 6k
Compoatte.... caeoveeune. 3dd | 47 db
DISCUSSION

It thou'd be noted that the predictions out-
lined in the previcus section wer: preperad
assuming whistlar-moda propagatios aiong the
magnatic field {assumed io b vertical here) for
& constent incidsnt electrie flald intenmity at
the lower ionosphere. Ths propagatios palh
from Station NSS to the sstslliie did not quite
previde coostant fiedd inlensity in the icno-
sphers beiow the ssteliite. Tha courss of the
lsunch trajectory was in s north-sasterly direc-
tiop fromm Cape Uaneveral and the aversge
distance from Station W8S io the sub-sateilits

. point for the sliitude incrament of 80 4o 130 km

wes sbout 1,900 km and thanged about 15%.
Calaidation for & comparable mtaation suggest



DAYTIME WHISTLER-MCODE ATTENUATION ‘ 29

that the fiald strength just within the iono-
sphers would probably vary by about 3 db over
this distance change.”? This will be considered
negligible bers, &nd ihe prodictions a5 given ean
be considersd fo 2pply ic the measurements,

It can be seen that the total stienuaiion
meagurement of 43 db 3 4 db compares quite
well with the calculated total attenuations of
41 and 47 db. The discrepancy iz within the
experimental errors and the magnitudes of the
various effects which have been neglected in
this analysis. It should be obvious that the
caleulations are only spproximate since saversl
1 to 3 db effects have been neglecied. How-
ever, the meastrements alse were only spproxi-
mate since & rough estimate was used to salect
the sltitude at which absorption began. None-

theless, it appears thet no unusual attenuntion -

phenomens were ohserved and that the
measured total attenustion can be acoounisd
for by the analysis presented above,

Since the measuremsnta whick sre reported
here were made, the results of two relevant
axperiments bave been reported. In the first
experiment, the varistion of Station NBA lo-
cated at Summit, Panama Canal Zone (18.0 k)
sigoal sirength with altitude up to about 115
km was measured at about 1700 local time on
14 March 1961 using s split-rocket electric
dipole antenns.* Aspect dsta was not evail-
sble for thess messuremenis, Allewing for
uncertainties in antenna orientstion and such
factors ss diurnal end seasone! effects, these
rocket measurements are quiis copsistant with
thoee reported lere.

The second relevant measuremants wers those
mede in the LGFTI I Satellite experimant. it ®
The total attenustion deducad from the LOFTI
I measurements is somewhat different in thei
the detailed varintion of signal strengih with
altitude was not obtained, although much more
date on total attenustion was, of covrss, ob-

tsined. The messurements reported (retio of .
sppsrent dleciric field intensity at the ssiellite
to compuied field intensity on the ground)® |
ars alao consistent with ths piessuraments re- |
ported here when proper aliowances are mads

for different measurement frequencice, the
sitenustion through the Furegion eand the
different geometzic factore {or sack case. !

In conclusion, it appears that the launching
of the whistler mods, at lesst in daytime, can be
described to & first order by utilizing a sharply-
boundsd model of ths ionosphere to acosuat for
the reflsciion-tramsmiscion phenomenon, and &
slowiy-varying model to sscovnt for the ab-
sorption experienced by the trapsmitisd wave.
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